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Analyses of mitogen-activated protein kinases (MAPKs) in a mouse hepatitis virus (MHV)-infected macro- 
phage-derived J774.1 cell line showed activation of two MAPKs, p38 MAPK and c-Jun N-terminal kinase 
(JNK), but not of extracellular signal-regulated kinase (ERK). Activation of MAPKs was evident by 6 h 
postinfection. However, UV-irradiated MHV failed to activate MAPKs, which demonstrated that MHV repli- 
cation was necessary for their activation. Several other MHV-permissive cell lines also showed activation of 
both p38 MAPK and JNK, which indicated that the MHV-induced stress-kinase activation was not restricted 
to any particular cell type. The upstream kinase responsible for activating MHV-induced p38 MAPK was the 
MAPK kinase 3. Experiments with a specific inhibitor of p38 MAPK, SB 203580, demonstrated that MHV- 
induced p38 MAPK activation resulted in the accumulation of interleukin-6 (IL-6) mRNAs and an increase in 
the production of IL-6, regardless of MHV-induced general host protein synthesis inhibition. Furthermore, 
MBHYV production was suppressed in SB 203580-treated cells, demonstrating that activated p38 MAPK played 
a role in MHV replication. The reduced MHV production in SB 203580-treated cells was, at least in part, due 
to a decrease in virus-specific protein synthesis and virus-specific mRNA accumulation. Interestingly, there 
was a transient increase in the amount of phosphorylation of the translation initiation factor 4E (eIF4E) in 
infected cells, and this eIF4E phosphorylation was p38 MAPK dependent; it is known that phosphorylated 
eIF4E enhances translation rates of cap-containing mRNAs. Furthermore, the upstream kinase responsible for 
eIF4E phosphorylation, MAPK-interacting kinase 1, was also phosphorylated and activated in response to 
MHV infection. Our data suggested that host cells, in response to MHV replication, activated p38 MAPK, 
which subsequently phosphorylated eIlF4E to efficiently translate certain host proteins, including IL-6, during 
virus-induced severe host protein synthesis inhibition. MHV utilized this p38 MAPK-dependent increase in 
eIF4E phosphorylation to promote virus-specific protein synthesis and subsequent progeny virus production. 
Enhancement of virus-specific protein synthesis through virus-induced eIF4E activation has not been reported 


in any other viruses. 


Viral infection alters the host cell environment by generating 
stimuli to which the infected host cell responds. A well-known 
virus-induced stimulus is the double-stranded RNA (dsRNA) 
structure produced during viral replication. Host cells have 
evolved two complementary systems to detect and respond to 
dsRNA: the 2-5A system and activation of the dsRNA-acti- 
vated protein kinase PKR (21, 55). In addition, replication of 
certain viruses in permissive cells activates signaling cascades, 
which result in the activation of the mitogen-activated protein 
kinase (MAPK) superfamily. In mammalian cells, four distinct 
subgroups of MAPK families have been identified: extracellu- 
lar signal-regulated kinase (ERK1/2), ERKS/big MAPK, c-Jun 
N-terminal kinase (JNK), and p38-Hog (28, 45). Unlike 
ERK1/2, which are mostly activated by hormones and growth 
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factors, the JNKs and p38 are most potently activated by proin- 
flammatory cytokines, endotoxins, and environmental stresses 
such as osmotic shock and heat shock, UV irradiation, or 
treatment with nucleic acid-damaging agents (22). Thus, JNKs 
and p38 are also known as stress-activated protein kinases 
(SAPKs) (22). Each MAPK family consists of a hierarchy of 
three sequential, dual-specificity kinases: MKKK (MAPKKK 
or MEKK), MKK (MAPKK or MEK), and MAPK (ERK, 
JNK, or p38). Upon stimulation, the MKKK is dually phos- 
phorylated on specific residues by cellular signaling molecules. 
This activated MKKK then phosphorylates the MKK which, in 
turn, phosphorylates the MAPK on appropriate threonine and 
tyrosine residues, resulting in activation of the pathway (11, 
22). Activated MAPKs have numerous substrates, like tran- 
scription factors or downstream kinases, and phosphorylation 
and activation of these downstream substrates ultimately alters 
gene expression, thereby manifesting the biological conse- 
quences of MAPK activation (67). In spite of the growing body 
of evidence for virus infections triggering MAPK pathways 
(45), very little is known about the role that activated MAPK 
pathways play in virus replication and propagation. 
Coronaviruses are large, enveloped, positive-strand RNA 
viruses associated with a wide variety of diseases in both ani- 
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mals and humans (66). Mouse hepatitis virus (MHV) is one of 
the most well-characterized coronaviruses. After MHV infec- 
tion, MHV RNA synthesis, which involves synthesis of a ge- 
nome-length, negative-strand RNA template (2, 4, 42) and 
subsequent synthesis of seven, mature mRNA species (31), 
takes place in the cytoplasm. MHV particles, which contain 
three envelope proteins (S, M, and E) and an internal helical 
nucleocapsid, which consists of N protein and genomic RNA, 
buds from internal cellular membranes (25, 37, 61). Extensive 
morphological, physiological, and biological changes occur in 
cells infected with MHV (1, 3, 15, 54, 58, 59). Examination of 
various MHV-induced biological changes in infected cells is 
important in understanding the mechanisms of coronavirus- 
induced diseases. However, our knowledge of various MHV- 
host cell interactions, including the status of stress pathways in 
infected cells, is still in its infancy. 

In the present study, we demonstrated p38 MAPK activation 
for extended time periods after MHV infection and identified 
proteins phosphorylated in a p38 MAPK-dependent manner in 
the context of viral infection. Furthermore, we showed that 
activated p38 MAPK affected MHV replication, particularly at 
the step of viral mRNA synthesis and viral protein translation, 
at least partly, if not completely, through p38 MAPK-mediated 
phosphorylation of translation initiation factor 4E (eIF4E). 


MATERIALS AND METHODS 


Antibodies. All phospho-specific antibodies and phosphorylation-state-inde- 
pendent antibodies for p38, JNK, ERK, MKK3, and eIF4E were purchased from 
Cell Signaling Technology (Beverly, Mass.). Phospho-specific antibody for 
MAPK- interacting kinase 1 (Mnk1) was purchased from Cell Signaling Tech- 
nology, and the phosphorylation-state-independent antibody for Mnk1 was from 
Santa Cruz Biotechnology (Santa Cruz, Calif.). 

Cell culture and viruses. J774.1 cells (58) and 17CI-1 cells (1, 56) were grown 
in Dulbecco’s modified essential medium (Gibco-BRL) supplemented with 10% 
fetal bovine serum. L929 cells were grown in Eagle minimal essential medium 
(Sigma) supplemented with 10% fetal bovine serum. DBT, an astrocytoma cell 
line (16), was maintained in minimal essential medium supplemented with 8% 
newborn calf serum and 10% tryptose phosphate broth. Antibiotics were sup- 
plemented in the media of all cell cultures. For preparation of the stock virus 
sample, the plaque-cloned AS59 strain of MHV (MHV-AS59) was propagated in 
DBT cells, as previously described (30). Virus infectivity was determined by 
plaque assay by using DBT cells (16). 

Virus infections and drug treatments. Cultured cells (3 x 10° cells) were 
grown in 35-mm dishes for 48 h prior to MHV infection. MHV was added to the 
cell culture at a multiplicity of infection (MOI) of 20. After a 1-h incubation at 
37°C, the virus inoculum was removed. To reduce endogenous levels of activated 
MAPKs, fresh basal medium without growth factors, i.e., serum, was added to 
the culture. SB 203580 (4-[4-fluorophenyl]-2-[4-methylsulfinylphenyl]-5-[4-pyri- 
dyl] imidazole) was purchased from Calbiochem (La Jolla, Calif.) and stored as 
a 20 mM stock solution in dimethyl sulfoxide (DMSO) at —20°C. For the 
experiments examining virus protein synthesis and RNA synthesis, a water- 
soluble form of SB 203580 was used; both drugs are functionally identical. Where 
indicated, SB 203580 was diluted to 20 uM in cell culture medium and added to 
cultures 1 h prior to infection. Inhibitor was not included in the virus inoculum. 
After 1 h of virus adsorption, the virus inoculum was removed and fresh basal 
medium containing fresh inhibitor was added to the culture. 

Western blot analyses. At various times postinfection (p.i.), culture superna- 
tant was removed and cells were directly lysed into sodium dodecyl sulfate (SDS) 
sample buffer (62.5 mM Tris-HCl [pH 6.8], 2% SDS, 10% glycerol, 50 mM 
dithiothreitol, 0.1% bromophenol blue). Samples were boiled, and proteins were 
separated by SDS-12% polyacrylamide gel electrophoresis (PAGE). Proteins 
were blotted onto polyvinylidene difluoride membranes, and the immunoblots 
were processed with phospho-specific antibodies. The blots were stripped and 
reprobed with phosphorylation-state-independent antibodies. For eIF4E analy- 
sis, cells were directly lysed in lysis buffer (containing 10 mM HEPES [pH 7.2], 
5 mM EDTA, 1% Triton X-100, 150 mM NaCl, 20 mM NaF, 20 mM sodium 
pyrophosphate, 20 mM B-glycerophosphate, and 20 mM sodium molybdate and 


J. VIROL. 


supplemented with kinase, phosphatase, and protease inhibitors) (14). The rel- 
ative level of phosphorylation of each phospho-protein was determined by quan- 
titative densitometry. The signals from each of the phospho-specific immuno- 
blots were normalized against the individual total protein amounts. The fold 
increase of the phospho-specific signal over the signal at 0 h p.i. was calculated. 

p38 MAPK assay. The activity of p38 MAPK was analyzed by using a p38 
MAPK assay kit (p38 MAPK assay kit [catalog no. 9820]; Cell Signaling Tech- 
nology). Phosphorylated p38 was immunoprecipitated with a p38-phospho-spe- 
cific antibody from 200 jg of lysate; this antibody specifically recognized phos- 
phorylated p38 and did not cross-react with phosphorylated JNK or ERK1/2. The 
immune complex was washed thoroughly and resuspended in kinase buffer con- 
taining ATP and 1 pg of recombinant activating factor-2 (ATF-2) as a p38 
MAPK substrate. The reaction was incubated at 30°C for 45 min and terminated 
by adding SDS sample buffer. The kinasing reaction was analyzed by Western 
blotting with a phospho-specific anti-ATF-2 antibody. 

Quantitation of released IL-6. Supernatants from control cells or infected cells 
were harvested at 24 h p.i. and clarified by centrifugation (12,000 rpm for 5 min). 
Release of interleukin-6 (IL-6) was determined by mouse IL-6-specific enzyme- 
linked immunosorbent assay (ELISA) assay kit (Biosource International, Cam- 
arillo, Calif.). 

Protein synthesis analysis and Northern (RNA) blotting. Intracellular pro- 
teins were labeled, extracted, and separated by SDS-PAGE as previously de- 
scribed (23). Briefly, mock-infected and MHV-infected cells were incubated in 
methionine-cysteine-free medium for 0.5 h before labeling. Cells were labeled 
with 75 Ci of Tran*°S-label (ICN)/ml, a mixture of *°S-labeled methionine and 
cysteine, for 30 min at various times p.i. Labeled cells were lysed in lysis buffer 
(1% Triton-X, 0.5% sodium deoxycholate, and 0.1% SDS in phosphate-buffered 
saline), and the postnuclear supernatant was separated by SDS-PAGE. Northern 
blot analysis of MHV-specific RNAs was performed as described previously (38), 
with a digoxigenin (DIG)-labeled, random-primed probe corresponding to the 3’ 
end of MHV genomic RNA and visualized by using the DIG Luminescence 
Detection kit (Boehringer). 

LDH assay for drug cytotoxicity. To assess the cytotoxicity of SB 203580, the 
lactate dehydrogenase (LDH)-based, in vitro toxicology assay kit (Sigma Aldrich, 
St. Louis, Mo.) was used. Serial 10-fold dilutions of SB 203580 were added to 
cells and incubated for 24 h. Cell-free supernatant from treated samples were 
assayed for the amount of LDH activity, which was correlated to cell viability and 
membrane integrity. The percentage of viable cells was calculated according to 
the following formula: [(LDH released from treated cells) — (LDH released 
from untreated cells)/(total LDH released from lysed cells)] x 100. 


RESULTS 


Activation of SAPKs in MHV-infected cultured cells. We 
examined whether MHV replication induced p38 MAPK acti- 
vation in four MHV-susceptible cell lines: DBT (an astrocyto- 
ma-derived cell line), 17Cl-1 (transformed NIH 3T3 cells), 
L929 (fibroblast cells), and J774.1 (a macrophage-derived cell 
line). These cells were inoculated with MHV at an MOT of 20, 
and cell extracts were prepared at various times p.i. Extracts 
from mock-infected cells were used as negative controls (Fig. 
1, labeled Mk). Western blot analysis showed an increase in the 
amount of phosphorylated p38 in 17Cl-1 cells, DBT cells, and 
J774.1 cells (Fig. 1), whereas the kinetics and extent of phos- 
phorylation differed among these cell lines. In 17CI-1 cells, a 
clear increase in the amount of phosphorylated p38 was de- 
tected at 8 h p.i., and a high level of phosphorylated p38 was 
detected until 12 h p.i, the end point of this experiment (Fig. 
1A). Phosphorylation of p38 was prominent in DBT and J774.1 
cells. In DBT cells, the amount of phosphorylated p38 in- 
creased by 10 h p.i., and it became maximal around 12 to 14h 
p.i., and then it gradually declined to the basal level by 20 h p.i. 
(Fig. 1C). In J774.1 cells, a clear increase in the amount of 
phosphorylated p38 occurred as early as 6 h p.i. Its maximal 
accumulation occurred by 8 h p.i., and then the amount of 
phosphorylated p38 gradually declined to basal levels by 16 h 
p.i. (Fig. 1D). By 24 h p.i., the level of phosphorylated p38 


AINN GNVINVO Aq SL0z ‘og AeW uO /Bio'wseIAl//:dyy Wo pepeojumMoq 


VOL. 76, 2002 


A Oh 6h 8h 


— 


10h 12h 


MHV-INDUCED p38 MAPK ACTIVATION — 5939 


Mk UV 
12h 12h 


——— > ee <4 


a 


1 2 3 4 6 7 
1x 0.8x 4x 7x 7x 1x 1.2x _ Fold increase 
B Mk 
Oh 6h 8h 10h 12h 12h 
, _ ——S>——-<— » << 


1 2 3 


1x 0.2x 0.2x 3.5x 


C 
Oh 2h 4h 6h 8h 10h 12h 


— — 


Ix 09x 0O.1x O.lx O.1x 2x 5x 


5 6 


12x 0.2x ‘Fold increase 


Mk UV 


14h 16h 18h 20h 20h 20h 


9 10 11 12 13 


3x 1.5x  1.3x 0.2x 0.4x Fold increase 


Mk Mk* UV 


Oh 2h 4h 6h 8h 10h 12h 14h 16h 18h 24h 24h 24h 24h 


“ae SEEEF === Gi GPE “GG weer 


——— 7 


qe oe a 6? EE wee 


1 2 3 4 5 6 7 8 
Ix 1.3x 0.4x 6x 9x 8x 8x 6x 


10 11 12 1314 


0.3x 0.x 0.8x 0.1x 0.1x Fold increase 


FIG. 1. Phosphorylation of p38 MAPK in MHV-infected 17Cl-1 (A), L929 (B), DBT (C), and J774.1 (D) cells. Cells were infected with MHV 
at an MOI of 20 (A, C, and D) or 100 (B). Cell extracts were prepared at the indicated times p.i. Western blot analysis with a p38-phospho-specific 
antibody (upper panels in A to D) demonstrates p38 MAPK that is dually phosphorylated at residues Thr180/Tyr182, while all forms of p38 are 
detected by a p38 antibody that recognizes total p38 protein (bottom panels in A to D). Arrowheads, phosphorylated p38 MAPK; arrows, total 
p38 MAPK; h, h p.i.; Mk, mock-infected cells; Mk*, cells treated with UV-irradiated culture medium; UV, cells infected with the inoculum 
containing UV-irradiated MHV. The phospho-specific signal in each immunoblot was quantitated by densitometric scanning and normalized 
against each total protein. The increase in phosphorylation for each sample is denoted as the fold increase over the signal from the zero hour p.i. 


time point and is indicated below each lane. 


MAPK was almost undetectable in both cells. No significant 
increase in the amount of phosphorylation of p38 occurred in 
L929 cells infected at an MOI of 20 (data not shown), whereas 
an increase in the amount of phosphorylated p38 occurred at 
12 h p.i. with an MOI of 100 (Fig. 1B). The difference in the 
extent of p38 phosphorylation in these cell lines was not sur- 
prising because the kinetics of MAPK activation is cell type 
and stimulus specific. Among all cell types, J774.1 cells showed 
the maximum accumulation of phosphorylated p38, and hence 
we chose this cell line for all subsequent studies. 


We next examined whether another SAPK, JNK, was also 
phosphorylated in MHV-infected J774.1 cells. The jnk genes 
are ubiquitously expressed as 46- and 54-kDa proteins due to 
differential processing of the 3’ coding region of the corre- 
sponding mRNAs; there are no known functional differences 
between the 46- and 54-kDa isoforms of the kinase (20). As 
shown in Fig. 2, two phosphorylated forms of JNK, p46 and 
p54, were detected at 6 h p.i. and accumulated continuously up 
to 12h p.i. The kinetics of phosphorylated JNK accumulation 
in infected J774.1 cells was similar to that of the accumulation 


AINN GNVINVO Aq SL0z ‘og AeW uO /Bio'wseIAl//:dyy Wo pepeojumMOoq 


5940 BANERJEE ET AL. 


Ix 0.7x 0.7x 2x 8x 


J. VIROL. 


9x 0.8x  -0.7x Fold increase 


FIG. 2. JNK phosphorylation in MHV-infected cells. J774.1 cells were mock infected (Mk), MHV infected, or exposed to inoculum containing 
UV-irradiated MHV (UY). Cell lysates were harvested at the indicated times and analyzed by Western blot with a JNK phospho-specific antibody 
that detects JNK phosphorylated at residues Thr183 and Tyr185, shown in the upper panel (arrowheads), and a phosphorylation state-independent 
antibody that detects total JNK, shown in the lower panel (arrows). The upper arrow and upper arrowhead indicate JNK p54; the lower arrow and 


lower arrowhead indicate JNK p46. 


of phosphorylated p38; JNK activation peaked at 8 to 10h p.i., 
after which it declined to basal levels by 16 h p.i. (data not 
shown); an increase in the amount of both phosphorylated 
SAPKs was evident by 6 h p.i., and these SAPKs accumulated 
continuously for up to 12 h p.i. (see Fig. 1D and 2). In marked 
contrast, ERK1/2, which is usually activated by growth factors, 
hormones, and mitogens (5), was not phosphorylated in MHV- 
infected J774.1 cells (data not shown). These data showed that 
both SAPKs, p38 and JNK, were phosphorylated in MHV- 
infected cultured cells. 

MHYV replication is required for p38 and JNK MAPK phos- 
phorylation. To determine whether MHV replication was re- 
quired for p38 MAPK phosphorylation, we used a UV light- 
irradiated virus sample. Culture fluid from both MHV-infected 
DBT cells and mock-infected DBT cells was collected at 20 h 
p.i. and exposed to UV light (wavelength, 253 nm) for 20 min. 
UV irradiation was omitted in the control samples. UV-irra- 
diated samples had an infectivity of less than 1 PFU/ml. J774.1 
cells were infected with an unirradiated or irradiated virus 
samples or left untreated for 12 h p.i. Phosphorylated p38 did 
not increase in samples inoculated with the UV-irradiated vi- 
rus sample (Fig. 1D, lane 14), the UV-irradiated DBT culture 
fluid sample (Fig. 1D, lane 13), and the unirradiated DBT 
culture fluid sample (data not shown). UV-irradiated MHV 
also failed to phosphorylate p38 MAPK in 17Cl-1 and DBT 
cells (Fig. 1A, lane 7, and 1C, lane 13). Furthermore, J774.1 
cells that were exposed to UV-irradiated MHV failed to phos- 
phorylate JNK as well (Fig. 2, lane 9). Together, these results 
demonstrated that MHV replication was required for p38 and 
JNK MAPK phosphorylation and eliminated the possibility 
that attachment of MHV to cell surface receptors alone or 
other factors present in the virus inoculum were responsible 
for p38 and JNK MAPK phosphorylation in infected cells. 

Phosphorylated p38 MAPK in infected cells is biologically 
functional. To establish that MHV-induced p38 MAPK phos- 
phorylation represented a biologically active kinase, we tested 
whether phosphorylated p38 found in MHV-infected cells 
could phosphorylate its downstream substrate, ATF-2, in an in 
vitro kinase assay (28), which examined whether immunopre- 
cipitated phosphorylated p38 can phosphorylate ATF-2 in 
vitro; Western blot analysis, with ATF-2-phospho-specific an- 
tibody, revealed the status of ATF-2 phosphorylation. As 
shown in Fig. 3, immunoprecipitated phosphorylated p38 ob- 
tained at 0 h p.i. showed very low levels of ATF-2 phosphor- 


ylation activity, whereas this activity was slightly higher at 4 h 
p.i. The phosphorylated p38 that was isolated at 8 h p.i could 
efficiently phosphorylate ATF-2 in vitro, suggesting that phos- 
phorylated p38 in infected cells was biologically active. 

To confirm that the ATF-2 phosphorylation was specifically 
mediated by p38 MAPK, a p38-specific inhibitor, SB 203580, 
was added to the in vitro kinase reaction. For this analysis, we 
used 400 wg of lysate, which was twice the amount of lysate 
used in the experiments described above, as the initial mate- 
rial. After immunoprecipitation of phosphorylated p38, the 
sample was divided into two groups; one was resuspended in 
buffer containing 20 ~M SB 203580, and the other was resus- 
pended in buffer containing an equivalent volume of DMSO, 
which was used to dissolve SB 203580. The samples were in- 
cubated on ice for 10 min before initiating the kinase reaction. 
The addition of SB 203580, but not of DMSO, dramatically 
reduced the phosphorylation of ATF-2 (Fig. 3, lanes 4 and 5), 
clearly demonstrating that ATF-2 phosphorylation was medi- 
ated by p38 MAPK. The phosphorylated p38 MAPK that ac- 
cumulated in MHV-infected cells was a biologically active ki- 
nase. 

Activation of the upstream kinase, MKK3, during MHV 
infection. The p38 MAPKs are directly activated by MKKs (44, 
45). MKK3 and MKK6, which share 80% homology, have been 
implicated as the major upstream activators of p38 MAPK 
both in vivo and in vitro (8). To determine how p38 MAPK was 
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FIG. 3. Kinase activity of MHV-induced phosphorylated p38 in 
vitro. Cell extracts were prepared from MHV-infected J774.1 cells at 
the indicated times p.i. (lanes 1 to 3). For lanes 1 to 3, lysates were 
immunoprecipitated with p38-phospho-specific antibody and the p38 
kinase activity of the immunecomplex was determined by using recom- 
binant ATF-2 as the substrate in an in vitro kinase assay. Kinase 
reactions were analyzed by Western blot with an ATF-2-phospho- 
specifc antibody that detects ATF-2 phosphorylated at Thr71. For 
lanes 4 and 5, protein lysates that were extracted at 8 h p.i. were used 
for immunoprecipitation. “—Inb” and “+Inb” refer to immunoprecipi- 
tated complexes that were treated with DMSO and 20 .M SB 203580, 
respectively, prior to adding ATF-2 substrate. The arrowhead denotes 
phosphorylated ATF-2. 
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FIG. 4. MKK3 phosphorylation in MHV-infected cells. J774.1 cells 
were mock infected (Mk), MHV infected, or exposed to inoculum 
containing UV-irradiated MHV (UV). Cell lysates were harvested at 
the indicated times and analyzed by Western blot with an MKK3/6 
phospho-specific antibody that detects MKK3/6 phosphorylated at 
Ser189/207, shown in the upper panel (arrowhead), or with a phos- 
phorylation-state-independent antibody that detects total MKK3 alone 
(not MKK6), shown in the lower panel (arrow). 


activated in MHV-infected cells, we examined the phosphor- 
ylation status of MKK3/6 in infected cells. If MKK3/6 are 
phosphorylated in infected cells, then they are most probably 
responsible for p38 activation. In contrast, if MKK3/6 are not 
activated in infected cells, then it is possible that one (or 
multiple) MHV-specific protein(s) is directly responsible for 
activating p38. Protein lysates from MHV-infected J774.1 cells 
were analyzed by Western blot analysis, with MKK3/6 phos- 
pho-specific antibodies that recognize phosphorylated MKK3 
on Serl89 and phosphorylated MKKO6 on Ser207 (Fig. 4). 
Phosphorylated MKK3/6 began to accumulate at 6 h p.i. and 
maximal phosphorylation occurred between 8 to 12 h p.i. The 
accumulation kinetics of phosphorylated MKK3/6 and that of 
phosphorylated p38 MAPK were similar (Fig. 1D). Mock-in- 
fected cells, harvested at 12 h p.i., showed no accumulation of 
phosphorylated MKK3/6. Cells exposed to the UV-irradiated 
virus sample also failed to phosphorylate MKK3/6 (Fig. 4, lane 
9). Western blot analysis with a phosphorylation-state-inde- 
pendent anti-MKK3 antibody revealed the presence of MKK3 
in J774.1 cells (Fig. 4, bottom panel), whereas a phosphoryla- 
tion-state-independent antibody that reacted with only MKK6 
failed to demonstrate the presence of MKK6 in this cell line 
(data not shown), strongly suggesting that J774.1 cells ex- 
pressed only MKK3 and not MKKO. Taken together, these 
data showed that MHV infection induced the activation of the 
upstream kinase MKK3 and that activated MKK3 most likely 
accounted for the phosphorylation and activation of p38 
MAPK. 

MHV-induced p38 MAPK activation results in IL-6 secre- 
tion. The p38 MAPK pathway plays an essential role in the 
biosynthesis of proinflammatory cytokines, such as tumor ne- 
crosis factor alpha and IL-6, in many different cell types 
through the regulation of transcriptional and translational 
events (34, 35). To examine the biological consequence of 
MHV-induced p38 MAPK activation, we explored whether 
activated p38 MAPK resulted in the synthesis and secretion of 
IL-6 in infected J774.1 cells. Several pyridinyl imidazole com- 
pounds, such as SB 203580, are specific inhibitors of p38 
MAPK and are known to block the production of proinflam- 
matory cytokines such as IL-6 (35). Because SB 203580 blocks 
activated p38 MAPK function, a direct role of activated p38 in 
the putative production of IL-6 could be examined by adding 
SB 203580 to infected cultures. 
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As a first step, we used the LDH release assay to examine 
the viability of J774.1 cells treated with SB 203580. The LDH 
release assay measures the amount of LDH released into the 
cell culture media after the cells are treated with different 
concentrations of SB 203580. The amount of LDH released is 
directly proportional to the integrity of the cell membrane and 
hence is a measure of cell viability. J774.1 cells were treated 
with 20 and 50 uM SB 203580 or with DMSO alone (since 
DMSO was used to dissolve SB 203580) for 24 h. Untreated 
cells were used as controls. Culture supernatants were clarified 
by centrifugation and used to assay the amount of LDH re- 
leased. Using the untreated cells as controls, we calculated the 
percentage of viable cells remaining after treatment as de- 
scribed in Materials and Methods. Treating cells with up to 50 
uM SB 203580 had little effect on cell viability (data not 
shown). Hence, treating cells with 20 ».M SB 203580 was not 
detrimental to the cells, and since this drug concentration is 
known to efficiently block p38 MAPK activity in vivo (6), we 
used 20 uM SB 203580 in subsequent experiments. 

We used an RNase protection assay to examine whether 
IL-6-specific mRNAs were synthesized in infected cells. Intra- 
cellular RNAs were extracted at 4, 8, 12, and 16 h p.i. from 
MHV-A59-infected J774.1 cells. The RNA samples were hy- 
bridized with radiolabeled murine cytokine-specific mRNAs 
(Pharmingen RPA probe set mCK-2b). Mock-infected cells 
served as controls. We found an increased amount of IL-6 
mRNAs at 8 h p.i. (data not shown). The amount of IL-6 
mRNAs increased continuously until 16 h p.i.; the amount of 
IL-6 mRNAs increased by ~2-fold at 16 h p.i. compared to the 
amount observed at 4 h p.i. In contrast, accumulation of IL-6 
mRNAs did not occur in mock-infected cells. (data not shown). 
To examine IL-6 production in infected cells, culture superna- 
tants from DMSO-treated, MHV-infected J774.1 cells and 
from SB 203580-treated, MHV-infected J774.1 cells were har- 
vested at 24 h p.i. After removal of the cell debris, clarified 
culture fluids were used for an ELISA assay to determine the 
release of IL-6. About 200 to 250 pg of IL-6/ml was produced 
by the DMSO-treated, MHV-infected J774.1 cells, whereas 
treatment with SB 203580 reduced the release of IL-6 by 85% 
(Fig. 5). DMSO-treated, mock-infected cells produced a basal 
level of IL-6. These results were consistent in three indepen- 
dent experiments, demonstrating that one of the biological 
consequences of p38 MAPK activation in MHV-infected cells 
was the synthesis and release of IL-6. 

Role of p38 MAPK in activating the Mnk1-eIF4E pathway in 
infected cells. Activation of either ERKs or p38 MAPK results 
in the phosphorylation of a translation initiation factor, eIF4E 
(43, 46). The crystal structure of eIF4E suggested that phos- 
phorylation of the molecule on Ser209 could result in a stron- 
ger affinity of phosphorylated eIF4E for capped mRNAs (12, 
40). However, the exact mechanism whereby eIF4E phosphor- 
ylation results in increased rates of cap-dependent translation 
is still unknown. A recent study determined that Mnk1 is a 
substrate for activated p38 MAPK, and phosphorylated Mnk1 
serves as the biologically relevant kinase for eIF4E in vivo (10, 
64, 65). MHV infection results in strong inhibition of host 
protein synthesis concomitant with increased viral protein syn- 
thesis (15, 54, 59). We wondered whether activation of the p38 
MAPK in MHV-infected cells results in the activation of the 
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FIG. 5. MHV-induced p38 MAPK activation-dependent IL-6 se- 
cretion. Mock-infected J774.1 cells (Mk+DMSO) or MHV-infected 
J774.1 cells were incubated in the presence of DMSO (MHV+DMSO) 
or 20 uM SB 203580 (MHV+20 1M SB 203580). ELISA was used to 
determine the amount of IL-6 present in culture fluid at 24 h p.i. Error 
bars indicate the standard deviation from experimental points in trip- 
licate determinations. 


Mnk1-eIF4E pathway, which contributes to efficient MHV- 
specific protein synthesis. 

At first we determined the phosphorylation status of Mnk1 
in infected cells. Cell extracts were prepared from MHV-in- 
fected J774.1 cells at various times p.i. Equal amounts (30 wg) 
of lysates were analyzed by Western blot analysis, with a Mnk1 
phospho-specific antibody that detects Mnk1 phosphorylated 
on Thr197/202. The immunoblots were subsequently reprobed 
with a phosphorylation-state-independent antibody that served 
as a loading control. There was no phosphorylated Mnk1 signal 
at 0 h p.i., probably due to very low, underdetectable levels of 
the active kinase at this time point. There is very little docu- 
mentation regarding the basal levels of phosphorylation of 
Mnk1 in unstimulated cells. Scheper et al. have suggested that 
Mnk1 has very low basal levels of phosphorylation which in- 
crease only upon stress signaling (49). Hence, the underdetect- 
able levels of phosphorylated Mnk1 signal at 0 h and 4h pi. 
(when the signaling cascade is not activated) were not surpris- 
ing or unexpected. However, by 8 h p.i., consistent with p38 
activation in this cell line, Mnk1 phosphorylation occurred 
(Fig. 6, lane 3). Increased Mnk1 phosphorylation was detected 
up to 10 h p.i., even though the phosphorylation signal dropped 
slightly after 8 h p.i. (Fig. 6, lane 5). An unknown protein, 
marked with an asterisk, migrated at a slightly slower rate than 
did Mnk1 (Fig. 6). This band appeared with similar intensity in 
all of the lanes. These data demonstrated that Mnk1 was phos- 
phorylated in MHV-infected cells with kinetics mirroring that 
of p38 MAPK activation. To determine whether this Mnk1 
activation was regulated by the activated p38 MAPK, MHV- 
infected J774.1 cells were treated with the p38-specific inhibi- 
tor, SB 203580, for various times p.i., and intracellular protein 
lysates from these samples were analyzed by Western blot with 
the phospho-specific Mnk1 antibody. As shown in Fig. 6, treat- 
ing infected cells with SB 203580 almost completely abrogated 
Mnk1 phosphorylation. As a negative control, UV-irradiated 
virus-infected cells were analyzed for Mnk1 phosphorylation, 
but no such phosphorylation increases were seen (Fig. 6, lane 
7). Therefore, Mnk1 phosphorylation required active MHV 
replication and most probably resulted from the activation of 
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the p38 MAPK pathway. Besides the increased secretion of 
IL-6, another downstream event of p38 MAPK activation in 
MHV- infected cells was the phosphorylation and activation of 
Mnk1 kinase. To our knowledge this is the first demonstration 
of Mnk1 kinase activation due to viral infection. 

Because Mnk1 is known to directly activate eIF4E to in- 
crease cap-dependent translation (12, 64), we also assessed the 
phosphorylation status of eIF4E in MHV-infected cells. Equal 
amounts (30 wg) of cell extracts were prepared from MHV- 
infected J774.1 cells at various times p.i., and the lysates were 
analyzed by Western blot with an eIF4E phospho-specific an- 
tibody that detects eIF4E phosphorylated at Ser209. The im- 
munoblots were subsequently reprobed with a phosphoryla- 
tion-state-independent antibody that served as a loading 
control. At the time of infection (0 h p.i.), a low basal level of 
phosphorylated eIF4E was detected and was of an amount 
commonly found in growing cells (63, 64) (Fig. 7A). At 4h p.i. 
there was a slight decrease in eIF4E phosphorylation, and this 
reduction consistently occurred in four independent experi- 
ments. However, we do not know the reason or the significance 
of the decrease in eIF4E phosphorylation early in infection. 
Coincident with p38 MAPK and Mnk1 activation kinetics, the 
amount of phosphorylated eIF4E increased by 2.5-fold from 4 
to 8hp.i., and the elevated level of phosphorylated eIF4E was 
maintained at 10 h p.i. (Fig. 7A, lanes 3 and 4). The increase in 
eIF4E phosphorylation from 4 h p.i. to 8 to 10 h p.i. was 
consistently seen in four independent experiments. We as- 
sessed, as a negative control, the phosphorylation of eIF4E in 
cells infected with UV-irradiated virus, since the UV-inacti- 
vated virus did not activate p38 MAPK (Fig. 1). The levels of 
phosphorylated eIF4E in uninfected cells and in UV-irradiated 
virus-infected cells at 10 h p.i. were compared with those at 0 h 
p.i. and were determined to be similar (Fig. 7A, lanes 5 and 6). 
Active MHV replication was required to induce the enhanced 
phosphorylation of eIF4E. 

eIF4E is one of the key components of translation initiation, 
and its phosphorylation status is subject to several regulators 
(12). To determine whether activation of the p38 MAPK path- 
way resulted in eIF4E phosphorylation in MHV-infected cells, 
we examined the effect of suppression of p38 MAPK activation 
on eIF4E phosphorylation. MHV-infected J774.1 cells were 
incubated in the presence of DMSO or SB 203580. At various 
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FIG. 6. Mnk1 phosphorylation in MHV-infected cells. J774.1 cells 
were pretreated with DMSO or 20 .£M SB 203580 (+Inb.) for 1 h prior 
to MHV infection. Then cells were infected with MHV or UV-irradi- 
ated MHV (UV) for 1 h. The virus inoculum was removed, and the 
cells were kept continuously in the presence of DMSO or SB 203580 
(+Inb.). At the indicated times p.i., lysates were prepared and 30-pg 
protein lysates were analyzed by Western blot with a Mnk1 phospho- 
specific antibody, shown in the upper panel (arrowhead), that detects 
Mnk!1 phosphorylated at Thr197/202 and with a phosphorylation-state- 
independent antibody, shown in the lower panel (arrow), that detects 
total Mnk1. The asterisk represents a nonspecific protein band. 
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FIG. 7. Accumulation of phosphorylated eIF4E in MHV-infected 
cells. (A) J774.1 cells were left uninfected (Uninf), MHV infected, or 
exposed to inoculum containing UV-irradiated MHV (UV). At the 
times indicated, cell lysates were prepared and 30-yg protein lysates 
were analyzed by Western blot analysis with e[F4E phospho-specific 
antibody that detects eIF4E phosphorylated at Ser209, shown in the 
upper panel. The blots were subsequently stripped and reprobed with 
an eIF4E antibody that recognizes all forms of eIF4E (shown in the 
lower panel). The arrowhead and arrow denote phosphorylated eIF4E 
and total eIF4E, respectively. (B) J774.1 cells were pretreated with 
DMSO or 20 1M SB 203580 (+Inb.) for 1 h prior to MHV infection. 
Cells were then infected with MHV for 1 h. After the virus inoculum 
was removed, the cells were kept continuously in the presence of 
DMSO or SB 203580 (+Inb.). At the indicated times p.i., lysates were 
prepared and Western blot analysis was performed as described in 
panel A. The increase in the phospho-specific signal, normalized 
against the total protein signal and expressed as a fold increase over 
the zero hour p.i. signal, is indicated below each lane. 


times p.i., cell extracts were prepared and the status of e[F4E 
phosphorylation was examined. Representative data from four 
independent experiments are shown in Fig. 7B. In this set of 
experiments, at the time of infection, the basal level of phos- 
phorylated eIF4E was slightly higher at 0 h p.i. (Fig. 7B, lane 
1). Consistent with the data shown in Fig. 7A, we observed a 
slight decrease in phosphorylated eIF4E levels at 4 h p.i. and 
an increase in phosphorylated eIF4E levels at 8 and 10 h pike 
(Fig. 7B), whereas phosphorylated eIF4E amounts were clearly 
reduced in SB 203580-treated, MHV-infected cells at 8 and 
10 h p.i. (Fig. 7B, lanes 4 and 6). 

The data in Fig. 6 and 7 suggested that SB 203580 blocked 
the phosphorylation of Mnk1 by p38 MAPK, which in turn 
resulted in a lower phosphorylation of eIF4E. In addition, SB 
203580 could also have affected the eIF4E-specific phospha- 
tase by increasing its activity, possibly resulting in further low- 
ering of phosphorylated eIF4E levels, below the basal level, in 
SB 203580-treated, MHV-infected cells at 8 and 10 h p.i. (Fig. 
7). Taken together, our data suggested that MHV infection 
induced activation of Mnk1 and a transient phosphorylation of 
eIF4E, both of which were sensitive to the p38-specific inhib- 
itor, SB 203580. 

Inhibition of p38 MAPK pathway activation suppresses 
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MHV production. We next studied whether p38 MAPK acti- 
vation had any effect on MHV replication. We first examined 
the effect of p38 MAPK activation inhibition on MHV yield 
from infected cells. MHV-infected J774.1 cells were treated 
continuously with either DMSO or 20 1M SB 203580. Culture 
supernatants were collected at various times p.i., and the titer 
of the released MHV was determined by plaque assay (Fig. 8). 
We conducted these experiments twice and obtained similar 
results each time. Representative data from one of the exper- 
iments are shown in Fig. 8. The one-step growth kinetics of 
MHV production in the J774.1 cells were similar to those in 
other MHV-infected cell lines (39, 56). At 4 h p.i. the amounts 
of infectious MHV particles produced were similar in SB 
203580-treated and DMSO-treated, MHV-infected cells, dem- 
onstrating that pretreating J774.1 cells with SB 203580 or 
DMSO did not affect virus binding to MHV receptors, viral 
uncoating steps, and the establishment of infection. There was 
an approximately 80% decrease in the production of infectious 
MHV from SB 203580-treated cells compared to those pro- 
duced from DMSO-treated cells from 8 to 16 h p.i. At 26h p.i., 
virus titer in SB 203580-treated cells was about one-half of that 
in DMSO-treated cells. As stated earlier, a lower level of MHV 
production in SB 20350-treated cells was not due to cytotoxic 
effect of SB 203580 on these cells. Specific inhibition of p38 
MAPK activity resulted in a significant reduction of virus pro- 
duction, demonstrating that p38 MAPK activation affected 
MHV replication. 

Effect of p38 MAPK activation on synthesis of MHV-specific 
proteins and mRNAs. To understand how p38 MAPK activa- 
tion facilitated efficient MHV replication, the effect of p38 
MAPK inhibition on MHV-specific protein synthesis was 
tested. MHV-infected J774.1 cells were radiolabeled with 
Tran*°S-label for 30 min in the presence or absence of SB 
203580 at 4, 6, and 10 h p.i. SDS-PAGE analysis of cell extracts 
obtained at 4 h p.i. showed very similar *°S-methionine-cys- 
teine incorporation in the SB 203580-treated and untreated 
samples (Fig. 9A, lanes 1 and 2). This result was expected 
because p38 MAPK was not activated at 4h p.i. Analysis of cell 
extracts at 6 and 10 h p.i. revealed a reduction in *°S-methio- 
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FIG. 8. Effect of p38 MAPK activation on MHV production. J774.1 
cells that were pretreated with DMSO or 20 1M SB 203580 for 1 h 
were infected with MHV for 1 h. After removal of the inoculum, the 
cells were continuously treated with DMSO (@) or 20 uM SB 203580 
(@). The release of infectious MHV into the supernatant at the indi- 
cated times p.i. was determined by plaque assay. 


AINN GNVINVO Ad GLOz ‘os Ae uo /6so"wseIAl//:dyjy Wo pepeojumMOog 


5944 BANERJEE ET AL. 


A Mk 
4h 6h 10h 10h 


- + - + - + ~ + SB203580 
+s 


i” 


12 3 4 5 67 8 


J. VIROL. 


B 
4h 6h 10h 

- + = + = + $B203580 
| mA! 
=. 
mRNA 3 
a mRNA 4 
pa — mRNA 5 
_- eee << mRNA 
#-@e@<_w: 

as ery 


1 2 3 4 5 6 


FIG. 9. Effect of p38 MAPK activity inhibition on translation (A) and virus-specific mRNA transcription (B). (A) J774.1 cells were left 
untreated (—) or were treated with 20 ~M SB 203580 (+) for 1 h prior to infection. Cells were mock (Mk) or MHV infected. After 1 h of 
incubation, the inoculum was replaced with medium either lacking (—) or containing (+) 20 »M SB 203580. The culture medium was replaced 
with methionine-cysteine-free medium lacking (—) or containing (+) 20 ~M SB 203580 1 h prior to each indicated time point. After 30 min of 
incubation, 75 wCi of Tran*°S-label/ml was added to the culture medium. After 30 min of additional incubation, cell extracts were prepared and 
one-half of each sample was analyzed by SDS-12% PAGE. The positions of the MHV structural proteins S, N, and M are indicated by arrows. 
(B) Intracellular RNA was extracted from the remaining half of the lysates described above. After RNA was separated on a 1% agarose- 
formaldehyde gel, the RNAs were transferred to a nylon membrane. Northern blot analysis was performed with a random-primed DIG-labeled 
probe, specific for all MHV mRNAs. The positions of the MHV-specific mRNAs mRNA1 to mRNA7 are indicated with arrows. 


nine-cysteine incorporation, particularly into the MHV-spe- 
cific proteins S, N, and M, in SB 203580-treated cells compared 
to untreated cells (Fig. 9A). The kinetics of MHV-specific 
protein accumulation in infected J774.1 cells in the absence of 
SB 203580 and those in other infected cell lines were similar (3, 
15, 54). As shown above, p38 MAPK activation started to occur 
at 6 h p.i. and attained a maximum level at 8 to 10 h p.i. (Fig. 
1). The low level of host protein synthesis at 10 h is due to a 
poorly understood MHV-induced host protein synthesis inhi- 
bition (15, 59, 60). Continuous incubation of mock-infected 
cells with SB 203580 for up to 10 h p.i. had no effect on the 
translation of cellular proteins (Fig. 9A, lane 8). These data 
demonstrated that activated p38 MAPK increased the transla- 
tion of virus-specific proteins. 

We next examined the effect of p38 MAPK inhibitor on the 
accumulation of viral transcripts in infected J774.1 cells. 
Northern blot analysis of intracellular RNAs showed a low 
level of MHV-specific mRNAs at 4 h p.i. (Fig. 9B), and these 
accumulated in infected cells by 6 h p.i.; further, there was a 
clear reduction in the amount of accumulated MHV mRNAs 
in the presence of SB 203580 (Fig. 9B, lanes 3 and 4). At 10 h 
p.i, the amount of MHV-specific mRNAs in SB 203580- 
treated cells was approximately one-third that of untreated 
cells. These data were reproducible in three independent ex- 
periments and demonstrated that inhibition of p38 MAPK 
activity also resulted in a severe reduction in the accumulation 
of viral-specific mRNAs in infected cells. The inhibition of 
MHV-specific protein synthesis and mRNA accumulation by 
treatment with SB 203580 late in infection was most likely a 


reason for the reduced MHV production in the presence of SB 
203580. 


DISCUSSION 


Virus-induced alterations in cellular functions and/or behav- 
ior during infection have a profound impact on both cell via- 
bility and pathogenesis of the virus. However, little is known 
about the effect of viruses, especially RNA viruses, on such 
altered cellular functions. Here we report a study of the cellu- 
lar mechanisms by which MHV caused the activation of phys- 
iologic intracellular signaling cascades that led to the phos- 
phorylation and activation of downstream molecules. We 
showed that MHV infection of permissive cells stimulated both 
p38 MAPK and JNK/SAPK pathways but not the activation of 
ERK1/2, a third member of the major MAPK pathways, sug- 
gesting that only the SAPKs were activated in MHV-infected 
cells. Since phosphorylation of p38 MAPK and JNK occurred 
in four different MHV-permissive cell lines, activation of 
MAPK was not cell type specific. Activation of p38 MAPK and 
JNK did not occur in cells exposed to MHV inoculum that 
were inactivated by UV irradiation prior to infection, demon- 
strating that binding of the virus to cell surface receptors or 
other unidentified substances, which might be present in the 
inoculum, did not cause MAPK activation. We also observed 
the activation of MKK3 in infected cells, indicating that the 
upstream kinase responsible for p38 activation was MKK3. 
The phosphorylated p38 MAPK was a biologically functional 
molecule because it phosphorylated its downstream substrate, 
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ATF-2, in an in vitro kinase assay. Furthermore, we identified 
two downstream events regulated by p38 MAPK activation. 
One was the synthesis and secretion of the proinflammatory 
cytokine, IL-6, and the other was the activation of Mnk1 kinase 
resulting in the transient phosphorylation of eIF4E. In addi- 
tion, the production of infectious MHV was reduced in cells in 
which p38 MAPK activity was blocked, which suggests that 
activation of this signaling cascade was important for MHV 
production. 

McGilvray et al. reported the activation of both p38 MAPK 
and ERK in peritoneal exudative macrophages exposed to 
MHV-3 (41). These authors further demonstrated that MHV- 
3-induced p38 MAPK activation occurs within 1 to 5 min of 
infection and that UV-irradiated MHV-3 can phosphorylate 
p38 MAPK. In the present study, MHV-AS59 infection did not 
activate ERK pathway in two different cells lines and p38 
MAPK activation started much later, at 6 h p.i. Furthermore, 
UV-irradiated MHV failed to phosphorylate p38 MAPK. The 
p38 MAPK activation reported by McGilvray et al. seems to be 
an immediate-early response elicited by virus binding to cell 
surface receptors. Also, their study could not rule out the 
possibility that some factor(s) present in the inoculum could 
induce both p38 MAPK and ERK activation. These differences 
between the two studies demonstrate the diversity in virus- 
induced MAPK activation pathways, in which the type and 
dose of the trigger and the cell type both determine the nature 
and outcome of the cellular response to virus infection. 

The mechanism of MHV-induced p38 MAPK activation. 
Activation of MKK3, an upstream kinase of p38 MAPK, oc- 
curred in MHV-infected cells (Fig. 4). The kinetics of MKK3 
and p38 MAPK activation were similar. Therefore, the up- 
stream kinase that activates p38 MAPK in MHV- infected cells 
was most likely MKK3. The mechanism of MKK3 activation in 
infected cells, however, is unknown and requires further stud- 
ies. Several MKKKs, such as MTK2, MLK2/3, and ASK1, lie 
upstream of MKK3 (45) and receive information from cell 
surface receptors or interact with small GTP-binding proteins 
of the Ras superfamily (48). Activation of p38 MAPK started 
at 6 h p.i. in infected J774.1 cells, and a UV-irradiated MHV 
inoculum failed to activate both p38 MAPK and MKK3 (Fig. 1 
and 4). These data strongly argue against the binding of MHV 
to MHV receptors causing the activation of the p38 MAPK 
cascade shown in the present study. Because MHV replication 
was necessary for MKK3 and p38 MAPK activation, the accu- 
mulation of some viral products by 6 h p.i. may exceed a 
threshold concentration to directly activate MKK3 or its up- 
stream pathway. Putative virus products include virus-specific 
proteins and viral RNAs. There is a precedent that accumula- 
tion of a virus-specific protein induces activation of a MAPK 
pathway; accumulation of the herpes simplex virus type 1 VP16 
protein activates both p38 MAPK and JNK (69). A recent 
report showed that both the p38 MAPK and the JNK/SAPK 
pathways are activated after fibroblasts are treated with the 
synthetic dsRNA poly(I)-poly(C) (18); hence, MHV dsRNA 
intermediates that accumulate in infected cells may also trigger 
the p38 MAPK activation pathway. 

An alternative mechanism for p38 MAPK pathway activa- 
tion could be the virus-induced disruption of a cellular function 
activating MKK3 and/or its upstream pathway. Iordanov et al. 
showed that either chemical-induced or UV-light-induced se- 
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quence-specific damage to the 28S rRNA in cultured cells 
activates MAPK (19). We know that MHV infection causes 
extensive and specific cleavage of 28S rRNA, leaving the 18S 
rRNA intact (3). Hence, it is conceivable that MHV-induced 
28S rRNA cleavage triggers p38 MAPK pathway activation. In 
addition, MHV-induced host protein synthesis inhibition (15, 
53, 59) may activate the MAPK pathway; virus usurping the 
cellular translation machinery may exert stress and, conse- 
quently, the stress-activated response pathways could be trig- 
gered. 

IL-6 production in MHV-infected cells via the p38 MAPK 
pathway activation. Several investigators reported that virus- 
induced p38 MAPK activation results in cytokine upregulation 
(13, 18, 27, 50). The proinflammatory cytokine IL-6 was se- 
creted from MHV-infected J774.1 cells, and its production was 
inhibited by SB 203580, demonstrating that MHV-induced p38 
MAPK activation also led to the synthesis and secretion of IL-6 
(Fig. 5). A high level of accumulated IL-6 mRNA late in 
infection was most probably one of the mechanisms for the 
IL-6 production in infected J774.1 cells. The situation was 
different in DBT cells. MAPK activation occurred in MHV- 
infected DBT cells (Fig. 1), whereas a very minute amount of 
IL-6 mRNAs accumulated at 16 h p.i. and no IL-6 protein was 
secreted at 24 h p.i. (S. Banerjee and S. Makino, unpublished 
data). Hence, p38 MAPK activation pathway-mediated IL-6 
production in MHV-infected cells appears to be cell type spe- 
cific. Another possible mechanism for IL-6 production in 
MHV-infected J774.1 cells is that activated p38 MAPK path- 
way leads to the stabilization of IL-6 mRNA. Recent studies 
have shown that activation of the p38 MAPK pathway some- 
how stabilized mRNAs that contained AU-rich elements in 
their 3’ region; IL-6 mRNA and other proinflammatory cyto- 
kine mRNAs contain this AU-rich element (7, 68). We found 
that the accumulation of MHV-specific mRNAs decreased 
when the p38 MAPK activation pathway was blocked (Fig. 9B). 
Do these data suggest that activation of the p38 MAPK path- 
way also stabilizes MHV-specific mRNAs? Although further 
studies are needed to test this possibility, closer examination of 
the 3’-end region of MHV mRNAs failed to show any consen- 
sus AU-rich element like those found on proinflammatory 
cytokines (data not shown). 

Proinflammatory cytokines and chemokines are produced in 
MHV-infected mice (32, 57), and there is a strong correlation 
between their presence at the site of MHV replication and 
disease development; however, the exact role of these mole- 
cules in MHV-induced demyelination is still under investiga- 
tion (33). It is quite possible that various MHV-infected cells in 
mice secrete cytokines and chemokines through virus-induced 
activation of p38 MAPK pathway. These cytokines and che- 
mokines produced from the MHV-infected cells then work to 
modulate MHV-induced diseases. 

Biological significance of p38 MAPK-mediated eIF4E phos- 
phorylation in MHV infection. We observed an increase in the 
amount of phosphorylated eIF4E in MHV-infected cells (Fig. 
7). Because treatment of infected cells with SB 203580 sup- 
pressed this effect (Fig. 7B), p38 MAPK pathway activation 
was responsible for the accumulation of phosphorylated eIF4E 
in MHV-infected cells. Furthermore, this transient phosphor- 
ylation of eIF4E in infected cells was most probably mediated 
by Mnk1, the only known, biologically relevant eIF4E kinase 
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(Fig. 6); we demonstrated Mnk1 phosphorylation at 8 h p.i. 
and suppression of Mnk1 phosphorylation by SB 203580 treat- 
ment (Fig. 6). 

Upregulation of eIF4E phosphorylation in MHV-infected 
cells was in sharp contrast to dephosphorylation of eIF4E in 
cells infected with other viruses, including adenovirus (17), 
influenza virus (9), encephalomyocarditis virus (24), and po- 
liovirus (24). A recent study demonstrated a decrease in the 
phosphorylation of eIF4E in cells expressing hepatitis C virus 
nonstructural protein NSSA (14). To our knowledge, our study 
is the first demonstration of upregulation of eIF4E phosphor- 
ylation in virus-infected cells. 

Phosphorylated eIF4E has a higher affinity for cap structures 
at the 5’ ends of mRNAs and also for eIF4G, the large scaf- 
folding protein (12, 47). Increased eIF4E phosphorylation usu- 
ally results in enhanced translation rates (12). Accordingly, an 
increase in the amount of phosphorylated eIF4E in MHV- 
infected cells most probably affected protein synthesis in in- 
fected cells. Consistent with this notion, MHV-specific protein 
synthesis was decreased when infected cells were treated with 
SB 203580 (Fig. 9A). A straightforward interpretation of these 
data is that upregulation of eIF4E phosphorylation enhanced 
virus-specific protein synthesis. Since eIF4E phosphorylation 
was mediated by p38 MAPK activation, treating MHV-in- 
fected cells with the p38-specific inhibitor, SB 203580, blocked 
p38 MAPK activity, which resulted in decreased phosphoryla- 
tion of eIF4E (probably due to reduced activation of Mnk1), 
reducing the translation of MHV-specific proteins. Synthesis of 
MHV gene 1 proteins, whose primary function is to produce 
viral RNAs (29, 31), was probably also suppressed in the pres- 
ence of SB 203580. This putative reduction in the amount of 
gene 1 proteins may be a reason for the reduction of MHV 
mRNA accumulation in the SB 203580-treated cells (Fig. 9B). 

In addition to the role of phosphorylated eIF4E for en- 
hanced synthesis of MHV-specific proteins, p38 MAPK-medi- 
ated eIF4E phosphorylation may be an important mechanism 
for producing some host proteins in an environment where 
host protein synthesis is suppressed by virus-induced functions. 
Indeed, our data showing a high level of IL-6 production oc- 
curring under conditions of severe host protein synthesis inhi- 
bition, late in MHV infection, support this notion (Fig. 5); IL-6 
protein synthesis was probably augmented by upregulation of 
eIF4E phosphorylation. 

eIF4E phosphorylation may not always result in increased 
protein translation. Recently, Knauf et al. demonstrated that 
under physiological conditions serum-induced cap-dependent 
translation was negatively regulated by the overexpression of 
Mnk1/2, possibly via eIF4E phosphorylation (26). According to 
the proposed model of these authors, mitogens and growth 
factors stimulate pathways such as the phosphatidylinositol 
3-kinase system, which act as positive regulators of translation, 
resulting in growth. At the same time, activation of the p38 
MAPK or ERK pathways, via the same inducers, serves as a 
negative regulator, downregulating cap-dependent translation 
(26). Our present study did not investigate the status of the 
phosphatidylinositol 3-kinase system in MHV-infected cells. It 
is possible that MHV-induced activation of Mnk1 and phos- 
phorylation of eIF4E could serve some purpose other than 
augmenting virus-specific protein synthesis. But since the 
model proposed by Knauf and colleagues was specific for mi- 
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togen-stimulated signaling, it is possible that virus-induced sig- 
naling could have different or even opposing results from that 
of mitogen-activated signaling. 

p38 MAPK activation and MHV production. The effect of 
p38 MAPK on virus replication has been studied in a limited 
number of viruses. Treatment of herpes simplex virus type 
1-infected cells with SB 203580 resulted in a decrease in viral 
titer (70). The authors of that study discussed the possibility 
that stimulation of p38 MAPK enhanced transcription of 
specific viral gene promoters that resulted in increased virus 
production (70). It has also been reported that human immu- 
nodeficiency virus type 1 production increased in p38 MAPK- 
activated cells (50). In that study, p38 MAPK activation 
resulted in IL-18 upregulation that in turn stimulated the pro- 
duction of tumor necrosis factor alpha and IL-6. The authors 
speculated that these cytokines may help to increase HIV 
production. 

We showed that inhibition of p38 MAPK activity resulted in 
reduced MHV production (Fig. 8), suggesting that activation 
of p38 MAPK was beneficial to MHV replication. Our finding 
that treating MHV-infected cells with SB 203580 resulted in 
decreased synthesis of all of the virus-specific structural pro- 
teins demonstrated that activated p38 MAPK affected virus- 
specific protein synthesis. Because MHV-specific mRNA ac- 
cumulation was also suppressed when p38 MAPK activation 
was inhibited (Fig. 9B), reduction in the accumulation of both 
viral genomic RNA and structural proteins probably caused a 
lowered production of infectious MHV particles in cells 
treated with SB 203580. 

Van Oordt et al. recently reported that the MKK3/6-p38 
MAPK cascade alters the subcellular distribution of hnRNP 
A1 by modulating its phosphorylation status (62); p38 MAPK- 
mediated phosphorylation of hnRNP A1 results in its accumu- 
lation in the cytoplasm. Interestingly, hnRNP A1 protein ac- 
cumulates in the cytoplasm of MHvV-infected cells (36). 
Although the biological role of hnRNP Al in MHV RNA 
synthesis is controversial (51), studies by Lai and coworkers 
have shown that hnRNP A1 binds to MHV RNA and that it 
plays an important role in MHV RNA synthesis (36, 52). Be- 
cause the p38 MAPK pathway was activated in MHV-infected 
cells, it is reasonable to speculate that the activation of the 
MKK3-p38 MAPK cascade in MHV-infected cells results in 
the phosphorylation of hnRNP Al and that this phosphory- 
lated hnRNPA1 subsequently accumulates in the infected cy- 
toplasm. It would be interesting to know whether the reduction 
in MHV RNA synthesis in the presence of SB 203580 (Fig. 9B) 
was also due to the effect of the drug on the alteration of 
subcellular distribution and phosphorylation of hnRNP A1 in 
infected cells. 
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